Functional liver reserve is an important predictor of outcome in hepatic diseases. Therefore, a comprehensive and accurate evaluation of the liver reserve is crucial to predicting patients' survival and treatment outcome. An early attempt to develop a system for evaluating liver reserve was the Child-Turcotte score in 1964 (1) , which involved two objective variables (serum bilirubin and albumin) and three subjective variables (severity of ascites, encephalopathy, and nutritional status). In 1973, Child and Pugh modified the score by replacing the most subjective variable (nutritional status) with an objective test (prothrombin time). The resulting Child-Turcotte-Pugh (CTP) score was originally intended as an assessment of life expectancy in the setting of transection of the esophagus for portal hypertensive variceal bleeding in cirrhotic patients (2) . Eventually, however, the CTP score became the standard method for evaluating hepatic reserve and predicting life expectancy in patients with cirrhosis. Because cirrhosis underlies most cases of hepatocellular carcinoma (HCC) and advanced cirrhosis can, in fact, affect patients' survival to a greater degree than the carcinoma itself (3, 4) , the CTP score has become the standard prognostic tool for predicting survival and for assessing hepatic reserve to guide initial or subsequent therapy decisions by predicting risk of liver failure and death after local and systemic therapies and for categorizing patients under HCC staging systems for trial entry (5) .
The five CTP variables are each scored on a scale of 1 to 3 points; thus, the minimum score is 5 and the maximum score is 15 ( Table 1 ). The lowest scores (scores 5 and 6) are considered CTP class A, which carries the best prognosis; the middle scores (scores 7-9) are class B, and the highest scores (scores [10] [11] [12] [13] [14] [15] are class C. Because survival rates are universally low for CTP classes B and C compared with class A, multiple expert panels have reached the consensus that patients with HCC should have a CTP score of A to be considered for aggressive therapies to facilitate assessment of the effect of treatment without the confounding issues of liver failure and death as a result of underlying poor hepatic reserve (3, 4) . However, it is now recognized that clinical outcome can vary considerably among patients within the same CTP class. Furthermore, CTP is partially based on subjective assessment of empiric dynamic clinical parameters (hepatic encephalopathy and ascites) with arbitrary cutoff ranges that are difficult to grade subjectively and may vary in severity according to nutritional status, comorbidities, and in response to medical management (6) (7) (8) . Therefore, the CTP score's reliability for survival prediction and clinical decision-making was questioned, and more objective liver scores were introduced (9,10), including the objective Model for End-Stage Liver Disease (MELD) score, which replaced CTP to stratify patients for prioritization for orthotopic liver transplantation. However, none was developed for patients with HCC. Other limitations of the CTP score include the disproportionate number of patients under class A and its need for more accurate objective markers that reflect hepatic reserve (6) .
The insulin-like growth factor (IGF) family comprises two ligands (IGF-1 and IGF-2), two receptors (the IGF-1 and IGF-2 receptors), and six IGF binding proteins (11, 12) . IGF-1 exerts its function after birth, whereas IGF-2 is prevalent in the fetal period and is a potent mitogen that regulates cell growth and differentiation (12) . Notably, the IGF family has recently been linked to the pathogenesis of several cancer types (12) . Results from early studies suggested higher plasma IGF-1 in patients with prostate cancer (13) , breast cancer (14) , colon cancers (15) , and lung cancer (16) . However, circulating levels of IGF-1 decrease sharply in patients with chronic liver diseases and HCC (17) (18) (19) (20) (21) (22) because the liver synthesizes most of the circulating IGF-1. Subsequently, low IGF-1 levels lead to bone loss and other metabolic changes in patients with cirrhosis (23) (24) (25) . Additionally, circulating IGF-1 has been found to correlate with the status of liver disease, histologic grade of fibrosis, and liver reserve scores such as CTP and MELD (26) (27) (28) 29, 30) , which is used to predict 3-month mortality risk to determine liver organ allocation priorities. Our recent studies (31, 32) showed that baseline plasma IGF-1 level was statistically significantly associated with patients' survival, synthetic function of the liver, and tumor parameters. However, no study to date has assessed the potential role of integrating plasma IGF-1 into CTP parameters on patients' prognostication. Because HCC tumors act as space-occupying lesions that decrease the synthetic function of the liver and decrease hepatic IGF-1 production, we hypothesized that plasma IGF-1 could be used as a surrogate marker for hepatic reserve that can be substituted for the subjective variables (ascites and hepatic encephalopathy) in the CTP score to create a novel liver score based exclusively on objective variables with increased prognostic accuracy. The study aims were 1) to retrospectively replace ascites and encephalopathy grading within CTP with plasma IGF-1 level in 310 patents (training cohort) and compare the performance of the IGF and the CTP scores, and 2) to prospectively validate the performance of the IGF score as compared with CTP score in an independent cohort of 155 HCC patients.
Methods
Patients with HCC enrolled at MD Anderson Cancer Center (MDACC) from January 2000 to May 2008 were used as a discovery or training cohort, and patients enrolled from June 2008 to January 2011 were used as an independent prospective validation cohort, as proposed in National Cancer Institute grant R21CA170035. Patients' blood samples and epidemiologic and clinical data were prospectively collected, and plasma samples were analyzed retrospectively for IGF-1 in the training cohort but analyzed prospectively in the validation cohort. This study was approved by the institutional review boards at MDACC, and patients signed written informed consent. For the two HCC cohorts, the study involved pathologically or radiologically confirmed HCC; the diagnosis was based on the criteria set forth by the 2005 guidelines of the American Association for the Study of Liver Diseases (33) for patients enrolled after 2005 who did not have biopsy samples available.
Baseline Plasma IGF-1 Level
For all patients, peripheral venous blood specimens (3-5 mL) were collected, anticoagulated by ethylenediaminetetraacetic acid, and subjected to centrifugation for 15 minutes at 3000 rpm. The plasma was then removed, aliquoted, and snap-frozen at -20°C until analyzed. * CTP = Child-Turcotte-Pugh; IGF-1 = insulin-like growth factor 1; PT = prothrombin time. † CTP score classes: A (5-6 points), B (7-9 points), C (>9 points). ‡ IGF-CTP (Kaseb-Morris) score classes: A (4-5 points), B (6-7 points), C (>7 points). § In primary biliary cirrhosis and primary sclerosing cholangitis, the upper limit of bilirubin for 1 point is 4 mg/dL and the upper limit for 2 points is 10 mg/dL. Amendments-certified facility that uses Luminex microsphere technology by Myriad Laboratories (Austin, TX).
Statistical Analysis
The overall survival (OS) was computed as the time period from the date of the blood draw when IGF-1 was measured to the date of death or last follow-up visit when patients were alive. The patients alive were censored for analyses. Optimal IGF-1 cutoff points were identified by the recursive partitioning method, as previously described (31) . Briefly, to identify an optimal IGF-1 cut point, we first split our training data (n = 310) randomly into training (twothirds) and validation (test; one-third) sets. We applied recursive partitioning methodology for censored data (using R function rpart) in the training set to find the optimal cut point maximizing the survival difference between the low and high IGF-1 groups and then validated the cut point by using the log-rank test to the dichotomized IGF-1 value on the test data. We repeated this methodology using 20 different random splits. We applied this routine to identify the first cut point of 26. Then we used the data with IGF greater than 26 with the same analysis routine to identify the second cut point of 50. The training cohort alone was used for model building. The logrank test was used to compare OS between plasma IGF-1 concentrations within each of the three traditional CTP classes. A univariable Cox model was used to compare OS among subgroups of patients. The method by Grambsch and Therneau (34) was used to test the proportional hazards assumption. Recursive partitioning identified optimal IGF-1 ranges within the training set and established three * CI = confidence interval; HR = hazard ratio; IGF-I, insulin-like growth factor 1; NA = not applicable "reached"; OS = overall survival. † The log rank test and univariable Cox model were used to calculate the P values, and the P values were two-sided. .001
* CI = confidence interval; CTP = Child-Turcotte-Pugh; IGF = insulin-like growth factor; NA = not applicable; OR = odds ratio; OS = overall survival. † Parameters from 11 and two patients were missing to calculate their IGF-CTP score and CTP score, respectively. ‡ Log-rank test and univariable Cox model were used to calculate P values, and all P values were two-sided.
distinct groups that associated with survival duration: greater than 50 ng/mL = 1 point; 26 to 50 ng/mL = 2 points; and less than 26 ng/ mL = 3 points. We then constructed the new IGF score (IGF-CTP) by replacing ascites and encephalopathy grading with plasma IGF-1 value to construct an exclusively blood-based score ( 
Comparison of OS Duration and Prognostic Accuracy by CTP Score vs IGF-CTP Score
The median OS was 13.2 months (95% CI = 11.4 to 16.6) in the training cohort and 15.7 months (95% CI = 12.2 to 19.9 months) in the validation cohort. Table 4 and Figure 1 summarize OS by CTP and IGF-CTP scores. Both scores stratified patients into low-(A), intermediate-(B), and high-risk (C) groups that differed in OS (P < .001).
A C-index analysis demonstrated that the prognostic stratification provided by IGF-CTP was statistically significantly better than CTP in both the training cohort (P = .003) and validation cohort (P = .005) (see Table 5 ). This improvement can be seen more clearly by focusing on the patients who are classified into different risk groups by the two scoring systems.
Reassignment of Patients Under CTP Classes to New IGF Score Classes
We found that 61.9% of the training cohort and 53.5% of the validation cohort were classified in the same risk groups by both scoring systems (Table 6 ). As seen in Kaplan-Meier plots in Figure 1 (and accompanying statistical comparisons in Table 7) , patients reclassified by the IGF-CTP scoring system were better stratified by their new risk groups. For example, in the training cohort, 158 of 219 (72.1%) of CTP-A patients were classified as IGF-CTP-A and had median OS of 19.3 months (95% CI = 14.9 to 27.0 months), whereas 58 of 219 (26.5%) were reclassified as intermediate risk (IGF-CTP-B) and had shorter median OS of 13.6 months (95% CI = 9.1 to 19.7 months). This subset of CTP-A patients who were reclassified as IGF-CTP-B had statistically significantly worse prognosis than other CTP-A patients classified as IGF-CTP-A (HR = 1.45; 95% CI = 1.03 to 2.04; P = .03) ( Table 7) . Of the 73 patients classified as CTP-B in the training cohort, 28 (38.4%) were also classified as IGF-CTP-B and had median OS of 6.5 months (95% CI = 5.1 to 13.6 months), whereas 28 (38.4%) were reclassified as lower risk (IGF-CTP-A) and had longer median OS of 23.5 months (95% CI = 7.6 to 40.6 months) and 17 (23.2%) were reclassified as higher risk (IGF-CTP-C) and had shorter median OS of 3.7 months (95% CI = 2.2 to 6.9 months). This subset of CTP-B patients reclassified as IGF-CTP-A had statistically significantly reduced hazard ratios than the CTP-B patients classified as IGF-CTP-B (HR = 0.48; 95% CI = 0.26 to 0.87; P = .02), whereas the CTP-B patients reclassified as higher risk IGF-CTP-C had statistically significantly increased hazard ratios than CTP-B patients classified as IGF-CTP-B (HR = 3.23; 95% CI = 1.76 to 6.09; P < .001) ( Table 7) .Thus, IGF-CTP found a subset of CTP-B patients in the training data with better prognosis than other CTP-B patients and a subset with worse prognosis. Very few patients in the training cohort were reclassified from high risk (CTP-C) to low (IGF-CTP-A) or intermediate (IGF-CTP-B) risk or from low risk (CTP-A) to high (IGF-CTP-C) risk.
In the validation cohort, 67 of 126 (53.2%) of CTP-A patients were classified as IGF-CTP-A and had median OS of 25.9 months (95% CI = 18.4 months to not applicable), whereas 58 of 126 (46.0%) were reclassified as intermediate (IGF-CTP-B) risk and had lower median OS of 11.0 months (95% CI = 7.7 to 16.9 months) but had similar prognosis as other intermediate-risk (IGF-CTP-B) patients who were CTP-B (median OS = 8.8 months; 95% CI = 4.6 months to not applicable). This subset of CPT-A patients reclassified as IGF-CTP-B had statistically significantly worse prognosis than the CPT-A patients classified as IGF-CTP-A (HR = 2.83; 95% CI = 1.65 to 4.85; P < .001). This represents a subset of the CTP-A patients with worse prognosis.
Discussion
Despite the mounting evidence for plasma IGF-1 as a liver function assessment test, a strategy to incorporate it into clinical practice is lacking. The results of this study confirm our biologically driven hypothesis that plasma IGF-1 level is a surrogate marker for functional liver reserve in HCC, which we propose to effectively replace the subjective assessment of encephalopathy and ascites severity in the CTP score. IGF-CTP offered statistically significantly more accurate survival prediction and prognostic stratification than the CTP score in two independent HCC cohorts. The new score, IGF-CTP, uses exclusively objective laboratory variables that are routinely assessed in clinical practice, including plasma IGF-1, which is a routine, reproducible, cost-effective, and standardized Clinical Laboratory Improvement Amendments-certified laboratory test and is therefore ready for implementation in routine practice. Notably, because decreased hepatic reserve, caused by the underlying liver disease in addition to the HCC space-occupying tumors, has the ability to cause physiologic derangements in the whole body, including those related to decreased plasma IGF-1 (23) (24) (25) , assessment of the liver reserve using the IGF score can guide initial and subsequent therapy decisions and hence decrease morbidity and mortality of HCC patients. Furthermore, CTP score cannot discriminate among the majority of HCC patients undergoing therapy because most treatment candidates are of CTP class A. Our study indicated that the IGF-CTP score resulted in more accurate prediction of OS in both cohorts, in addition to reclassification of a substantial proportion of HCC patients from class A using the CTP score (presumably indicating good hepatic reserve) to class B using the new score (indicating poorer hepatic reserve) (Table 7 ; Figure 1, A and B ). This refinement of survival prediction and risk assessment of CTP class A patients is extremely important clinically because these patients are generally expected to do well because of their presumably good hepatic reserve and thus are considered the standard patient population for active therapy and clinical trial entry. Therefore, the new IGF score may help clinicians in designing clinical trials with comparable stratification criteria, which is critical to meaningful interpretation of trial results and comparison of results from different trials.
Conversely, some patients among CTP class B patients moved to IGF-CTP-A and were found to have longer OS. These patients did considerably better than generally expected, a reclassification that would afford these patients access to a broader array of therapeutic options. Unfortunately, the very small number of patients reclassified from CTP-B to IGF-CTP-A in the validation cohort resulted in low power to confirm this result from the training data, so future validation studies are warranted to confirm these findings.
We compared the prognostic scales using C-index, which yields values ranging from 0 (no discrimination) to 1 (perfect separation) to compare both scores. Notably, C-index has been used to compare the prognostic accuracy of liver scores in several other studies, including the landmark prospective study of 3437 adult liver transplant candidates with chronic liver disease to estimate 3-month mortality, which established the universal use of MELD score to determine organ allocation priorities (35) . The study reported a C-index of 0.83 for MELD score as compared with 0.76 for the CTP score. Although the difference between C-indices was not large (0.07), it was statistically significant (P < .001) (35) . Similarly, the differences between C-indices in our study, although not large, were statistically significant because the C-index computes the ability to predict survival for all patients in the cohort, including those whose CTP and IGF-CTP scores were the same and those whose scores were different.
Furthermore, HCC staging systems depend on CTP score to assess hepatic reserve (5) . Thus, future studies to evaluate replacing CTP score with the IGF-CTP score in HCC staging systems may lead to a more accurate approach to patients' stratification and treatment assignment and may decrease futility rates in trials of investigational drugs.
One of the major strengths of our study is that our hypothesis was tested in two independent cohorts, including a retrospective training cohort and a prospective validation cohort. Additionally, there is a remarkable consistency of the independently validated IGF-1 ranges in our study with prior reports that correlated IGF-1 level with degree of hepatic dysfunction. The highest category for IGF-1 (<26 ng/mL = score 3) in our study is consistent with recent reports of the association between advanced cirrhosis (CTP class C) and IGF-1 levels of less than 25 ng/mL (26) and less than 27 ng/mL (27) . Our middle IGF-1 score range (26-50 ng/mL = score 2) is also supported by studies that found that mean circulating IGF-1 levels of 45 ng/ mL (27) and 57 ng/mL (28) correlated with CTP class B and moderate histologic liver fibrosis in patients with cirrhosis, respectively. Furthermore, we did not observe statistically significant demographic or clinicopathologic differences between enrolled patients with or without available samples; therefore, there is no evidence of selection bias. Finally, prognostic scores provide information about patients regardless of type of therapy received, if any. Therefore, because the IGF-CTP score testing and validation studies included patients with different stages and treatment and at different time points of their disease course, the superior prognostic value of the IGF-CTP score as compared with CTP score is clinically significant.
Our study has some limitations. Because of the retrospective nature of the IGF-1 measurement, the study could not assess the new score's ability to predict specific treatment outcome and rate of adverse events in relation to pretreatment score. Future trials to assess this correlation are therefore warranted. Furthermore, selecting optimal cutoff points for circulating biomarkers remains challenging because of the potential for daily variations, in addition to variations based on patient genetics, sex, age, and other demographic characteristics. That said, our studies have clearly shown no statistically significant differences in mean IGF-1 levels among patients of different ages, sexes, or ethnicities and also confirmed the independent prognostic information obtained from plasma IGF-1 level.
In summary, the CTP score, despite its limitations, has remained the standard tool for assessing hepatic reserve in patients with HCC to guide therapy decisions, predict treatment outcome, and stratify patients in clinical trials. In this study, we incorporated plasma IGF-1 level into a new score by eliminating the CTP subjective clinical variables of ascites and encephalopathy. The new IGF score considerably improved the accuracy of survival prediction and resulted in reclassification of a large number of patients. However, international validation is required given the noted heterogeneity in HCC. 
